L iquid biofuels are an important component for the transition to renewable energy-based systems (Perlack et al., 2005) . Bioethanol derived from sugar fermentation processes from sugarcane (Saccharum L.), sugar beet (Beta vulgaris L.), and corn (Zea mays L.) represents the most common biofuel, which is usually mixed with gasoline (Perlack et al., 2005) . When used as oilseed crops to produce biodiesel, soybean [Glycine max (L.) Merr.] and oilseed rape (Brassica napus L.) generate short hydrocarbon chains, so energy-consuming processes are required to generate the longer hydrocarbon chains needed to produce high-energy fuels (Bona et al., 1999; Perlack et al., 2005) . Furthermore, there is concern about using traditional food crops for bioenergy production (Erb et al., 2012; Johansson and Azar, 2007) .
Carinata (Brassica carinata A. Braun) , also known as Ethiopian or Abyssinian mustard, is a species with high erucic acid concentration, which facilitates conversion to biofuel (Cardone et al., 2003) . It is thought to have originated in northeastern Africa, where it has been cultivated since at least 3000 BC (Alemayehu and Becker, 2002; Simmonds, 1979) . This species is the result of chromosome duplication after a hybrid cross between Brassica nigra (L.) W.D.J. Koch and Brassica oleracea L. (Alemayehu and Becker, 2002; Gómez-Campo and Prakash, 1999; Nagaharu, 1935) . Although related species, such as canola and oilseed rape (Brassica napus L.), have been commonly grown for oil production in Eurasia and North America (Bona et al., 1999; Perlack et al., 2005) , there is current interest in the use of carinata as a winter crop to produce biofuel in subtropical regions. Carinata seems to be more tolerant to warmer environments than canola and oilseed rape (Seepaul et al., 2016) . It also has greater shattering tolerance than canola and has a high concentration of very-longchain fatty acids, such as erucic acid, which allows the production of high-energy biofuels, such as jet fuel, with less energy required during refinement (Choudhary et al., 2000; Prakash and Chopra, 1988; Seepaul et al., 2016) . Furthermore, because carinata exhibits glucosinolate levels that might negatively affect human health, it is not considered a food crop. However, through breeding and/ or refinement, glucosinolate concentrations can be reduced to levels that allow the use of carinata as seed meal for animal feed after oil extraction (Rosenthal et al., 2017) .
Brassica carinata Seeding Rate and Row Spacing Effects
on Morphology, Yield, and Oil
AbstrAct
Carinata (Brassica carinata A. Braun) is an oilseed crop with potential as a winter crop in the southeastern United States to diversify crop rotations and provide biofuel production and livestock feed. The objective was to evaluate the effects of row spacing and seeding rate on carinata yield and oil composition. Field experiments were conducted in Jay and Quincy, FL, from 2013 to 2016 evaluating carinata growth, seed and oil yield, and oil composition grown in a factorial arrangement of four seeding rates (3, 6, 9, and 12 kg ha -1 ) and four row spacings (18, 36, 53, and 89 cm) . No interactions between seeding rate and row spacing were detected. Seeding rate did not influence any of the variables studied. In contrast, row spacing affected seed and oil yield, branch production, and pods per plant. Seed yield (ranked from highest to lowest) was 2761, 2286, 1851, and 1572 kg ha -1 for rows spaced at 36, 18, 53, and 89 cm, respectively. Branching and pods per plant increased with row spacing. Neither seeding rate nor row spacing affected oil concentration and quality. Oil concentration averaged 40%, of which more than a third was erucic acid (C22:1). Protein concentration was 31%, and glucosinolate concentration was 93 μmol g -1 . The results of the present study demonstrated that carinata can be successfully grown in the southeastern United States, reaching yields and oil quality similar to those reported at other latitudes, and can be a source of biofuel, protein for animal feed, and cropping system diversification for growers.
Unlike related species such as oilseed rape, there is limited information about production requirements for carinata, particularly in the southeastern United States, where carinata production has been recently introduced on a commercial scale (Agrisoma Biosciences Inc., 2017). The lack of basic agronomic information, including planting, fertilization, and pest management strategies, limits production of this new biofuel crop. Previous research has been conducted on carinata as a spring/ summer crop in Canada (Pan et al., 2012; Warwick et al., 2006) and as a winter crop in Mediterranean climates and India (Cardone et al., 2003; Kaur and Sidhu, 2004; Setia et al., 1995; Zanetti et al., 2009 ). Most of the information generated in those studies indicated that oil concentration and composition tend to be more stable traits than yield. Therefore, agronomic cultural practices that maximize yield need to be identified, particularly for production in the southeastern United States.
Row spacing and seeding rate are cultural practices that may influence yield and oil concentration and are among the first management decisions carinata growers face. Compatibility with existing planting equipment and carinata row spacing requirements facilitates carinata in existing crop rotations. Also, because carinata has limited herbicide options, fast growth and canopy closure using adequate seeding rates and row spacings can favor weed suppression (Leon et al., 2017; O'Donovan, 1994) . Optimization of seeding rate and row spacing are critical to maximize harvested yield in oilseed rape (Kuai et al., 2015) . Responses to row spacing and seeding rate vary considerably across Brassica species and depend on environmental conditions. For example, brown sarson (Brassica campestris L. var. dichotoma Watt.) seed yield did not respond to changes in row spacing under limited soil moisture conditions, but oil concentration increased proportionally to row spacing. Conversely, under adequate water conditions, seed yield increased and oil concentration decreased at wider row spacing (Singh and Yusuf, 1979) . Oilseed rape yield had a positive response to increasing planting density until populations reached 50 to 60 plants m -2 , with no further yield gains until populations reached 150 plants m -2 , at which point yield decreased (Leach et al., 1999) . In Canada, maximum seed yield of carinata was achieved over a wider range, from 34 to 114 plants m -2 (Pan et al., 2012) , which provides evidence of carinata yield resilience to a wide range of plant stand densities. At 20 cm row spacing, white mustard (Sinapis alba L.) exhibited a negative yield response to increases in plant density, although branching and pod number had a positive relationship with plant density (Hassan and Arif, 2012) .
Row crop growers in the southeastern United States are exploring opportunities to grow carinata as a winter crop to diversify their cropping systems and increase profitability. The biofuel industry is interested in promoting the production of bioenergy crops during the winter to complement summer production in temperate regions. However, there is little published information about carinata growth and performance from field trials in the southeastern United States.
The objective of the present research was to evaluate seed yield, oil yield, and oil composition of carinata grown in the southeastern United States as a winter crop under several seeding rates and row spacings. These variables were selected because studies in other related Brassica species determined that they are agronomic practices that highly influence yield potential and oil characteristics (Morrison et al., 1990; Wang et al., 2015; Zhang et al., 2012) .
mAterIAls And methods
Field trials were conducted during 5 site-years from 2013 -2014 to 2015 -2016 . Brassica carinata 'Avanza' was planted in mid-November each year, and harvest was conducted in late May to early June the following year.
Trials were located at Quincy, FL (2013 FL ( -2014 FL ( , 2014 FL ( -2015 FL ( , and 2015 FL ( -2016 and Jay, FL (2014 -2016 The experiments were designed as a factorial randomized complete block with four replications. Seeding rates were 3, 6, 9, and 12 kg seed ha -1 (2.7, 5.4, 8.1, and 10.8 lbs seed ac -1 ), representing 846,500, 1,693,000, 2,540,000, and 3,386,000 seed ha -1 , assuming a thousand seed weight of 3.544 g. Row spacings were 18, 36, 53, and 89 cm (7, 14, 21, and 35 inches) apart. Plots were 3.66 m wide and 6.1 m long.
Soil was prepared by two passes of a disk cultivator in both locations and with a rotavator pass after disking in Jay, FL. Carinata seeds were planted at 1.3-cm depth with a vegetable planter (Jang Seeder JPH-U, Jang Automation Co. Ltd.) in Jay and at 0.6-cm depth with a Hege 1000 series offset cone planter in Quincy. Soils were limed and fertilized according to soil test recommendations for canola, with the exception of nitrogen (N), which was applied at a rate of 14 kg N ha -1 (12 lbs N ac -1 ) as ammonium sulfate at planting and an additional 76 kg N ha -1 (68 lbs N ac -1 ) as ammonium sulfate topdressed at bolting. The relatively low N rate at planting was meant to reduce frost susceptibility during early growth (Ragan and Nylund, 1977) , which could be a problem in the Southeast when temperatures are below −7°C (20°F), based on preliminary trials. The total N rate was applied based on preliminary research conducted in Florida.
The number of days to 50% flowering, bolting, and maturity were recorded. Maturity was based on 50% of seed color change from yellow to orange-brown. Plant height was recorded by measuring the general top of the canopy within the middle of the plot. The number of primary and secondary branches was determined by collecting three representative plants in the middle of the plots at maturity and then counting the number of branches. These same three plants were used to determine the number of pods per plant, number of seeds per pod, seed weight per pod, pod length (average of 10 random pods), and number of nodes on the main stem. Seed weight per pod and dry weight per plant data were based on 1 site-year. Yield was determined using a plot combine in the middle rows of the plots and adjusting for harvested area (which varied depending on row width) and seed moisture at 8%. Oil yield was calculated by multiplying yield (at 8% moisture) by oil concentration and then dividing by an oil density of 0.9218 kg L -1 (7.693 lbs gal -1 ), which is the density of canola oil (Sieverding et al., 2016) .
Total glucosinolates, protein and oil concentration, and fatty acid composition were predicted using near-infrared reflectance spectroscopy. Samples were analyzed using a FOSS XDS Rapid Content Analyzer (FOSS Inc.) using a scanning range of 400 to 2498 nm in 0.5-nm increments. Sample spectra were evaluated using the ISIscan program (FOSS Analytical) using a proprietary carinata calibration (Agrisoma Biosciences Inc.) and included periodic calibration and validation samples. The proprietary prediction model developed by Agrisoma Biosciences Inc. used 1 H nuclear magnetic resonance spectroscopy (Oxford MARAN Ultra Benchtop NMR System, Oxford Instruments) as well as gas chromatography (Agilent 6890N; Agilent Technologies) to develop the underlying equation (O'Neill et al., 2003; Taylor et al., 1992) .
Statistical analyses were conducted using PROC MIXED as implemented in SAS 9.4 (SAS, 2016) at the 95% confidence level unless otherwise indicated. Full models considered seed rate and row spacing and their interactions as fixed effects. Replication and replication interactions with fixed effects as well as site-year and site-year interactions with fixed effects were considered random. Means and SEM were generated using PROC MEANS. Multiple pairwise means separation tests were performed with the %PDMIX800 macro (Saxton, 1998) within SAS 9.4 using the least significant difference method at the 95% confidence interval within PROC MIXED. Correlation analyses were conducted using PROC CORR and were considered significant at P < 0.05.
climate
During winter, the Florida panhandle is often subject to sudden freezing temperatures after a period of relatively warm weather (Fig. 1) , which can increase frost susceptibility of the crop because there are insufficient chilling hours to harden off the crop after a period of rapid growth. In the first 2 yr of the study, there were a few nights during which temperature fell below 0°C, causing frost injury of foliar tissue predominantly on leaf margins and tips. The growing points of the majority of plants were not affected, and plant recovery was observed by production of new leaves. Recent breeding efforts and selection in northern Florida have focused on improving carinata "cold shock" tolerance in conditions representative of the southeastern United States. This region is also prone to sudden heavy rainfall events, which can affect crop stands particularly early in the season if the crop is located on soils that are not well drained.
results And dIscussIon main effects F-tests of fixed effects indicated interactions between siteyears and main treatment effects (Supplemental Table S1 ). The interactions by site-year were the result of the magnitude of differences between treatments, but the trends of the responses to seeding rate and row spacing were similar across site-years. Therefore, data were analyzed pooling site-years and considering them as a random effect in the model. Although both seeding rate and row spacing influence plant access to resources and intraspecific competition, in Brassica species the interaction between these factors is not as important as their independent effect. Morrison et al. (1990) and Ozer (2003) reported no interactions between seeding rate and row spacing on yield or yield components for summer/spring oilseed rape. Similarly, Wang et al. (2015) found no interactions between those factors for seed yield in canola.
yield and yield components
In the present study, the optimum row spacing of 36 cm averaged 2761 ± 251 (mean ± SE) kg ha -1 (Fig. 2) , similar to yields reported for carinata grown during the winter in Italy (Cardone et al., 2003) and during the summer in Canada (Pan et al., 2012) . The ability to obtain similar yields under temperate and subtropical conditions gives carinata a great deal of potential to balance bioenergy supply throughout the year if production areas were to be established across a wide latitudinal gradient. Furthermore, unlike oilseed rape (Momoh and Zhou, 2001 ), seed oil concentration was not decreased by increasing seeding rates. Likewise, in Canada, summer-grown carinata lines had similar oil concentration regardless of seeding rate (Pan et al., 2012) .
Row spacing had a greater effect on yield and yield components than did seeding rate (Fig. 2) . Oil and seed yields were greatest with 36-cm row spacing but not significantly different from 18-cm spacing, with a numerical advantage at the 36-cm spacing. Row spacings of 53 and 89 cm had the lowest oil and seed yields. As row spacing increased, yield was reduced and corresponded with increased secondary branching and numbers of pods per plant. This implies that increased secondary branching did not contribute to yield as much as primary branching, nor did greater numbers of pods per plant. It seems that the increased photosynthate production needed for secondary branching and pod formation comes with a yield penalty. The numbers of secondary branching and pods per plant increased with increasing row spacing, indicating the ability of the crop to promote secondary branching and pod formation as the distance between rows increased.
Within the range of treatments in this study, increased seeding rate numerically decreased yield, primary branches, and the number of pods per plant. Previous research has shown that intraspecific competition can reduce carinata yield. For example, using 15-cm row spacing, Pan et al. (2012) determined that carinata yield was maximized at 100 to 200 seeds m -2 , but increasing planting density to 400 seeds m -2 decreased yield up to 31% during some site-years. Carinata yield response to seeding rate was inconsistent during 9 site-years in Canada, where low-yielding environments were less responsive to seeding rate than high-yielding environments (Hossain et al., 2018) . In oilseed rape, seed yield tends to be stable across increasing planting densities, usually due to compensations in branch and pod number per plant and seed number per pod (Degenhardt and Kondra, 1981; Pahkala et al., 1994; Sierts et al., 1987) . However, at high densities the stability of the yield trait, measured as ecovalence, has been shown to decrease, and reduction in yield may occur (Sierts et al., 1987) . It is possible that, in the present study, seeding rate did not affect yield as reported by Pan et al. (2012) because most row spacing treatments were considerably wider and intraspecific competition was more likely in the present study. Industry currently recommends a seeding rate of 4.5 to 6.7 kg ha -1 (4-6 lbs ac -1 ) and a row spacing of 38 to 76 cm (15-30 inches) or twin rowed on 76-cm centers for a plant stand density of 65 to 108 plants m -2 (6-10 plants ft -2 ) (Agrisoma Biosciences Inc., 2017). Maximum yield, obtained at 36-cm row spacing, corresponded to a final plant stand density at harvest of 74 ± 6 plants m -2 (mean ± SE) (Fig. 2) , corroborating those recommendations. It is important to note, however, that all emerged seedlings do not necessarily survive to the end of the season, so initial stand densities are not typically representative of final stands at harvest. Decreased plant populations with increased row spacing at harvest indicate that intraspecific competition "self-thinned" the crop. Indeed, the final stand density of 740,000 plants ha -1 at 36-cm row spacing represents a seeding rate of 3.0 kg ha -1 if all plants successfully established, assuming a seed weight of 250,000 treated seeds kg -1 . Because the lowest seeding rate was 3 kg ha -1 , this may be why seeding rate responses were not generally significant in the present study. However, given the small seed size and difficulty of precise depth placement, lower seeding rates are challenging with the equipment used in this trial as well as the equipment used in commercial production.
Most of the studies conducted in related Brassica crop species showed a positive relation between row spacing and branching. For example, in oilseed rape, it has been extensively documented that increasing row spacing favors production of primary and secondary branches (Kondra, 1977; McGregor, 1987; Morrison et al., 1990) . In the present study, carinata exhibited a similar response, and, as row spacing increased, plant architecture responded with a linear increase in secondary branching over the treatment range [no. secondary branches plant -1 = 34.4 + 0.24 × row spacing (cm); R 2 = 0.91] (Fig. 2) . Primary branching was maximized at 36-cm row spacing, which corresponded to the greatest yield. Similar to results reported by Angadi et al. (2003) and Clarke and Simpson (1978) , increased plant spacing favored secondary branching and the production of more pods per plant, but this did not increase yield. In fact, yield was lowest at the two widest row spacings in the present study. Although correlation analyses showed a negative correlation between row spacing and yield (-0.20; P = 0.0003), row spacing was positively correlated with primary (0.22; P = 0.0023) and secondary (0.19; P = 0.0090) branching. Primary and secondary branching were also weakly positively correlated with yield (0.27 and 0.16, respectively; P < 0.03). Although increased row spacing increased branching, the resulting yield advantage from increased branching has limits. It seems that, under our experimental conditions, the increased photoassimilate demand created by secondary branching and pod formation came at the expense of photoassimilate translocation to seeds. Indeed, plant biomass was not altered by treatments (Table 1) , even though secondary branching increased with increasing row spacing (Fig. 2) . Setia et al. (1995) proposed that maintaining a functional leaf area during seed production is critical to supply the necessary photoassimilates to maintain greater numbers of branches and pods per plant.
Within the range of treatments in this study, higher seeding rates did not translate into higher yields, nor was plant architecture affected by this factor (Fig. 2) . Zhang et al. (2012) reported that oilseed rape exhibited higher seed yield and oil concentration when increasing seeding rate, but carinata maintained constant seed yield and oil concentration regardless of seeding rate. The fact that planting arrangement played a more important role than seeding rate for the aforementioned growth parameters indicates that carinata exhibits a strong response to light availability and has enough phenotypic plasticity to modulate plant architecture to optimize light interception. This plasticity could also affect intraspecific competition, imposing a limit to the potential to increase yield by using higher population densities, as has been done in other crops (Egli, 1988; Wang et al., 2015) . Our results indicate that lower planting densities would provide adequate populations to maximize yield. Thus, the recommendation for optimal yield in the southeastern United States is a seed rate of 3 kg ha -1 and 36-cm row spacing, although 18-cm row spacing may also perform well. These row spacings are commonly available on currently used grain drills in the southeastern United States by leaving all seed tubes open or blocking off every other one. However, given the small seed size and difficulty of precise depth placement, lower seeding rates are challenging, so growers may choose to use higher seeding rates to simplify planting because higher seeding rates did not reduce yield.
Plant height, dry weight per plant, number of seeds per pod, pod length, number of nodes, and thousand seed weight were not affected by treatments ( Table 1 ). Note that not all nodes produced branches (Table 1 ; Fig. 2 ) such that the number of nodes was greater than the number of primary branches. Seepaul et al. (2016) also found that the number of nodes exceeded the number of branches and further found that the number of nodes and branches depended on N rate, confirming that environmental factors influence node and branching characteristics in carinata. Because wider rows had not only the same plant dry weight and the same number of seeds per pod but also the same number of pods per plant as narrower row spacings, the yield reductions observed in wider spacings were likely associated with lower plant populations (Fig. 2) . However, it cannot be ruled out that seed size was reduced at wider row spacings and that our sample size was not large enough to detect those differences. Clarke and Simpson (1978) proposed that, because bottom branches tend to produce lower seed weight than upper branches, increased branching could have limited seed weight by creating unequal photoassimilate supply to pods distributed throughout the canopy.
oil concentration and composition
None of the experimental variables affected oil concentration and composition (P > 0.05). Therefore, overall means are presented in Table 2 . In general, seeds had 40% oil concentration, of which half were long-chain fatty acids (C14-C18) and half were very long-chain fatty acids (>C19). Erucic acid (C22:1) represented 36% of the total oil; C18 fatty acids represented 45% of the total oil.
The value of carinata seed meal for animal nutrition is an important component for the incorporation of this crop into agroecosystems. Although protein is an important N source in meal, glucosinolates can affect thyroid function in animals. Glucosinolate concentration was 93 μmol g -1 , and protein concentration was 31%, only 10 to 12% lower than soybean (Bellaloui et al., 2015) . By comparison, the European Union allows up to 1.5 μmol glucosinolates g -1 of feed for monogastric animals, and the US Food and Drug Administration allows up to 100 g glucosinolates kg -1 of dietary dry matter for feedlot beef cattle (Colombini et al., 2014) . To use carinata meal as animal feed, glucosinolate concentrations must be reduced either by breeding or by solvent or mechanical extraction. Of the extraction processes, solvent extraction appears the most promising to reduce glucosinolate concentrations in feed (Rosenthal et al., 2017) , although great progress has been made using various breeding technologies to transform rapeseed into canola (Carlsson et al., 2007) , which must contain <30 μmol glucosinolates g -1 of air-dried, oil-free meal (Canola Council of Canada, 2015) .
Oil concentration and composition were within ranges reported in previous studies conducted with multiple carinata lines (Alemayehu and Becker, 2002; Pan et al., 2012; Warwick et al., 2006; Zanetti et al., 2009 ). Studies characterizing variability in carinata germplasm for multiple plant and seed traits reported ranges from 25 to 50% for oil concentration, 25 to 41% for protein concentration, and 88 to 139 μmol g -1 glucosinolate content (Alemayehu and Becker, 2002; Warwick et al., 2006) . In the present study, although oil concentration was at the low end of the ranges reported for carinata germplasm, protein concentration and glucosinolates were at the high and low ends of the ranges, respectively, which favors seed meal use for animal nutrition. The level of N fertilization used in the present study (90 kg ha -1 ) has been shown to increase yields but also to decrease the oil/protein ratio in the seed (Pan et al., 2012) . This might explain why oil levels were at the lower range of reports for carinata germplasm. 'Avanza', the variety used in the present study, had 23, 72, and 85% more primary and secondary branches and pods per plant than the highest values reported for germplasm evaluated by Alemayehu and Becker (2002) . Therefore, breeding efforts appear to have targeted yield potential by increasing branching and pod production (Setia et al., 1995) with minimal impact on oil profile but with considerable improvements for the use of carinata seed meal for animal nutrition. The fact that carinata oil concentration, composition, protein, and glucosinolate concentrations were stable across different planting strategies and 5 siteyears simplifies the management of carinata as a bioenergy crop because growers can focus on yield goals while expecting a minimum risk of affecting seed quality with agronomic practices.
conclusIons
Five site-years of data showed that carinata grown in the southeastern United States had greater yield and yield component responses to row spacing than to seeding rate. Neither row spacing nor seeding rate affected carinata oil concentration, seed weight per pod, nodes per plant, number of seeds per pod, biomass per plant, plant height, or pod length. Yield and primary branching were greatest at 36-cm row spacing, whereas secondary branching increased linearly across all row spacings tested. Based on these data, it is recommended that carinata production in the southeastern United States use 36-cm spacing and 3 kg seed ha -1 . Higher seeding rates may be required under conditions of soil crusting or in high-residue systems. Seeding rates up to 12 kg seed ha -1 had no significant reduction in yield.
